We present measurements of the pulse length of ultracold electron bunches generated by near-threshold two-photon photoionization of a laser-cooled gas. The pulse length has been measured using a resonant 3 GHz deflecting cavity in TM 110 mode. We have measured the pulse length in three ionization regimes. The first is direct two-photon photoionization using only a 480 nm femtosecond laser pulse, which results in short The third regime is just-below-threshold ionization which produces Rydberg states which slowly ionize on microsecond time scales.
I. INTRODUCTION
Ultrafast electron diffraction has developed into a powerful technique for studying structural dynamics [1] [2] [3] [4] . Pumping samples with femtosecond laser pulses and probing them with high energy electron bunches can easily lead to sample damage, which is particularly true for biological molecules 5 . This means that diffraction patterns preferably have to be captured with a single electron bunch: single-shot electron diffraction. This requires electron bunches with 10 6 − 10 7 electrons 5, 6 per pulse which are prone to space charge explosions, resulting in loss of temporal resolution and degradation of transverse beam quality. The effect of space charge forces may be mitigated by using an ultracold electron source since it allows for larger source sizes and thus lower bunch densities for the same beam quality 7, 8 .
To obtain high quality diffraction images the relative energy spread of the electron bunch needs to be much smaller than unity and the transverse coherence length larger than the lattice spacing of the structure under investigation. Previous work demonstrated that the ultracold electron source is capable of producing high quality diffraction images 7,9,10 , even with electron bunches created by femtosecond photoionization 7, 9 . The transverse beam quality of the ultracold electron source has been investigated extensively previously 6,9,11 .
However, the longitudinal electron beam characteristics have not been investigated in great detail. Recently it was shown that the ultracold electron source can be used to create ultracold electron bunches with a root-mean-square (rms) pulse length of 250 ps 12 . In this paper we present pulse length measurements with sub-ps resolution of ultracold electron bunches with an rms pulse duration of 25 ps containing ∼ 10 3 electrons per pulse. Up to ∼ 10 6 electrons can be extracted in a single shot from the ultracold electron source 10 but then strong space charge effects come into play. These space charge effects can be minimized by shaping the initial electron distribution 13, 14 . In this paper we stick to maximally ∼ 10 3 electrons per bunch, thus avoiding the complication of space charge effects.
For UED, the electron pulse length has to be shorter than the shortest timescale associated with the process under investigation. This means that often the electron bunch length should preferably be much shorter than one picosecond. This can be achieved by compressing longer electron pulses using a resonant RF cavity 15 in TM 010 mode, but for this to work the electron pulse should not be longer than a few 10 ps 15 for a cavity operated at 3 GHz. In this paper
we show that such electron bunches can indeed be extracted from the ultracold electron source.
This paper is organized as follows: In Section II we introduce the ultracold electron source and the relevant photoionization schemes (Section IIA) that were used. In Section IIB and IIC we address the transverse electron beam quality (transverse emittance) and the longitudinal beam quality (longitudinal emittance). In Section IID we discuss a model of the rubidium ionization process allowing us to make an estimate of the shortest electron pulse lengths that can be expected. In Section III the experimental setup is described. Finally, in Section IV, the results will be presented. We show that we can produce electron bunches which are both ultracold and ultrafast, with rms pulse durations of ∼ 20 ps, short enough to be compressed to sub-ps bunch lengths. In Section V we will finish with a conclusion and an outlook.
II. ULTRACOLD ELECTRON SOURCE
Ultracold electron bunches are created by near-threshold photoionization of laser-cooled and trapped 85-rubidium atoms, as is illustrated in Fig. 1 . be accelerated over a longer distance and thus acquire more energy than electrons created in the front. This results in a correlated momentum spread at the exit of the accelerator (Fig. 2b) . At a distance 2d acc behind the accelerator the electrons created in the back catch up with the electrons created in the front, creating a self focus (Fig. 2c) . After this self focus the electron pulse stretches due to the energy spread (Fig. 2d) .
In absence of space charge forces, the initial longitudinal energy spread is dominated by the width of the ionization laser beam σ ion in the direction of the acceleration field.
The initial energy spread due to thermal motion is 1 − 10 meV for all three degrees of freedom 2, 7, 11 , which is at least an order of magnitude smaller than the energy spread due to the finite ionization laser beam size, typically 0.1 − 1 eV. Therefore the Boersch effect can be neglected. As a result, the rms relative energy spread
is to a good approximation directly proportional to the ionization laser beam size,
with U = eF d acc the average bunch energy. The spot size of the diffraction limited ionization laser beam focus at the position of the ionization volume results in σ ion ≈ 30 µm so the expected rms relative energy spread
Depending on the intensity and the central wavelength of the 480 nm femtosecond laser ionization may occur by different mechanisms. We may distinguish three different ionization schemes, schematically indicated in Fig. 3 , which are described in more detail below. In principle all three ionization processes always occur but their relative importance is determined by the intensity and central wavelength of the ionization laser.
A. Ionization schemes
The first ionization regime is photoionization of rubidium atoms from the ground state (5S 1/2 ) using two blue photons (480 − 480), see Fig. 3a . This will result in hot electrons (∼ 10 4 K) due to large excess energies. The ionization probability of this non-linear process scales with the intensity of the ionization laser field squared, which therefore results in an ionization volume that is smaller in length by a factor 1/ √ 2 than it would be by 780−480 nm photoionization, described below. The second regime is near-threshold photoionization using a red and a blue laser (780 − 480), which results in ultracold electron bunches suitable for high quality electron diffraction.
Atoms are excited from the ground state to the 5P 3/2 state using a 1 µs excitation pulse.
In the mean time, an ultrafast blue laser ionizes the excited atoms, see Fig. 3b . In all (780−480) measurements the intensity of the femtosecond ionization laser has been decreased to minimize the contribution of two-photon (480−480) ionization. The ionization probability per 480 nm photon of this process is at least an order of magnitude larger than that in the direct photoionization regime, resulting in more electrons per pulse.
When the center wavelength of the ionization laser is tuned below the ionization threshold, slowly decaying Rydberg states are formed (780 − 480−Ry), the third regime. For a given ionization laser wavelength λ and electric field strength F , the excess energy is given by:
where λ 0 = 479.06 nm is the zero-field ionization laser wavelength threshold, E h = 27.2 eV the Hartree energy, F 0 = 5.14 · 10 11 V/m the atomic unit of electric field strength, h Planck's constant and c the speed of light.
The part of the femtosecond laser spectrum lying in the positive excess energy regime will still be able to produce fast electron pulses, see Fig. 3c . Figure 3d depicts the Starkshifted rubidium potential, with E λ the contribution to the excess energy due to the laser wavelength and E F the contribution to the excess energy due to the Stark shift.
The tail below threshold will create long lived Rydberg states that slowly ionize. We have scanned the center wavelength of the ionization laser across the zero excess energy point to investigate the ionization dynamics of the Rydberg gas.
B. Transverse phase space
The transverse beam quality of an electron beam can be described by the normalized root-mean-squared (rms) transverse emittance
with σ x the rms source size, m the electron mass and σ px the rms momentum spread at the source, which can be expressed in terms of an effective transverse source temperature
The beam quality of the electrons extracted from the ultracold source has been investigated extensively in previous work 6,7,9,11 . Waist scan measurements resulted in a normalized rms transverse beam emittance ofǫ x = 1.5 nm·rad 9,11 . This is equivalent to a relative trans- We have repeated our previous measurements 6,9,11 with a higher resolution electron detector (TVips TemCam-F216) allowing for more accurate measurements. Figure 4 shows the spot size as measured on the detector as a function of magnetic lens current together with our beam line model 6,11 fit which is used to determine the transverse beam emittance. These measurements result in a rms transverse normalized emittance ofǫ x = 1.5 ± 0.1 nm·rad for λ = 490 nm and F = 0.813 MV/m. Using the value of the independently measured source size σ x = 35 µm 6 , this emittance corresponds to an effective transverse source temperature T x = 10 K confirming our earlier results 6,11 .
C. Longitudinal phase space
The normalized longitudinal beam emittance of the ultracold electron source is, analogous to the transverse beam emittance (see Eq. (3)), described by:
with σ pz the longitudinal rms momentum spread, σ z the rms size of the ionization volume in the acceleration (ẑ) direction and T z the effective longitudinal source temperature. In the most favorable case T x = 10 K, as measured, and T z = 100 K determined by the bandwidth (σ λ = 4 nm) of the ionization laser. This results in a normalized rms longitudinal emittance ofǫ z = 4 nm·rad. The longitudinal beam emittance is better known as the product of the rms pulse duration τ w in a waist and the rms energy spread σ U ,
resulting inǫ z · mc = 7 ps·eV.
The longitudinal beam emittance is an important parameter since it determines to what extent we can compress our electron pulse for a given energy spread, see Eq. (5). Using
Eq. (1), (4), (5) and U = eF d acc we can show that the rms pulse length in the longitudinal waist (See Fig. 2c ) is given by
with e the elementary charge. For T z = 100 K and F = 0.813 MV/m we thus find τ w = If the electrons are created over a time span τ ion , the longitudinal beam emittance becomeŝ
This equation shows that the longitudinal beam emittance is influenced by the duration of the ionization process τ ion , which will be treated in the next section.
Generally, the pulse length of the freely propagating bunch is determined by four processes: first the duration of the ionization laser pulse τ l ; second the time τ ion it takes an electron to escape the rubidium potential; Third, electron pulse lengthening due to the beam energy spread σ U , as illustrated in Fig. 2 ; Fourth, the pulse lengthening due to space charge forces in the electron bunch. The latter process has been avoided in this work by using low charge densities.
The rms temporal bunch length τ U due to the energy spread at a distance z behind the MOT is given by,
Here we approximated the accelerating field by an uniform electric field F = Fẑ that extends up to z = d acc and is zero for z > d acc . This approximation holds for positions 
D. Ionization process
To predict the ionization time constant τ ion we make use of a classical model of the ionization process. This model 6, 7, 11, 18 has previously been used successfully to predict the transverse beam quality.
In the model describing the rubidium atom there are no closed electron orbits 7, 18 , which means that all electrons with an excess energy E exc (Eq. (2)) larger than zero will eventually leave the ion. The particle trajectories are calculated with the General Particle Tracer code 19 . The electrons are started with a velocity directed radially outwards under an angle θ with the acceleration field. All simulation parameters are described in Ref 7, 18 . From the simulated trajectories, the arrival time of the electrons is calculated at z = 10 µm, where the ion potential is negligible. This is done for various starting angles and excess energies. To calculate the electron pulse shape for femtosecond laser ionization we have to convolve the simulation results with the broadband laser spectrum, with an rms width σ λ = 4 nm, and with the emission angle distribution associated with the polarization of the laser field. For polarization parallel to the acceleration field we assume an angular distribution ∼ cos 2 (θ) and for perpendicular polarization we assume an angular distribution ∼ sin 2 (θ). Figure 5c shows a fast pulse which is split in two. The first pulse is due to the electrons that immediately exit the potential; the second pulse is due to the electrons that are launched in the uphill direction (see Fig. 3d ) and subsequently first make a round trip inside the potential before leaving. Figure 5d results in an electron pulse train, similar to Fig. 5b . The ratio of the intensity of the peaks belonging to the second and third electron pulse compared to the first pulse are much smaller than that for perpendicular polarization. This is caused by the fact that there is a maximum ejection angle θ c 7,18 for a given λ and F , so that for polarization almost half of the initial angles θ ≤ θ c .
In our experiments the ionization laser pulse length τ l ≈ 100 fs; the pulse length contribution due to the laser pulse length can therefore be neglected as τ ion is much larger.
III. EXPERIMENTAL and a phosphor screen, it passes through a 3 GHz RF deflecting cavity which will be used to measure the electron bunch lengths. Note that the detector used for the pulse length measurements (dual MCP) is different from the detector that has been used for the waist scan measurements described in section II B. 
A. RF cavity
The electric and magnetic fields present in an RF cavity operated in the TM 110 mode, exert a mainly transverse force on the electrons whose strength depends on the RF phase at the moment they pass through. The electrons in a bunch of finite length, shorter than half an RF oscillation period will therefore acquire a transverse momentum kick while traveling through the cavity whose magnitude depends on their arrival time. The bunch will then be streaked across a detector downstream, as illustrated in Fig. 6 . To enable measurements of sub-picosecond bunch lengths the cavity needs to be operated in the GHz regime. A 3 GHz streak cavity was recently developed in our group 23, 24 , optimized for a 30 keV beam. We will use this cavity to probe the length of the electron bunches extracted from the MOT.
The phase of the electromagnetic fields inside the RF cavity is synchronized 25 with few 100 fs accuracy to the femtosecond laser pulse which ionizes the rubidium atoms, guaranteeing that the center of every electron pulse experiences nearly the same electromagnetic field every time it passes through the cavity. For a pillbox cavity with small entrance and exit holes at z = ± Lcav 2 and transverse positions close to the cavity axis, i.e. x, y ≪ c ω , the magnetic field can be approximated by:
with ω the angular frequency, φ a phase offset and B 0 the amplitude of the oscilating magnetic field inside the cavity. We can show that the rms length of the resulting streak on the detector is given by:
while the average deflection angle of the electron pulse is given by
where ζ ≡ we can estimate this σ τ ≈ 18 ps. Here we have assumed that the ionization laser beam is at its diffraction limit (σ ion = 30 µm) and the pulse length τ l ≪ 1 ps. Furthermore we assume that the average beam energy is optimized for maximum streak (ζ = 
B. Ionization laser
The femtosecond laser consists of an amplified Ti:Sapphire laser system (Coherent Legend Elite) that pumps an optical parametric amplifier (Coherent OPerA Solo) generating tunable energy of 2.5 mJ per pulse at a repetition frequency of 1 kHz. The 480 nm laser pulse length τ l at the MOT is estimated to be 100 fs. The pulse energy of the ionization laser increases as a function of wavelength, from ∼ 75 µJ for λ = 470 nm to ∼ 150 µJ for λ = 490 nm.
IV. RESULTS
An example of an streak as measured on the detector is depicted in Fig. 7a . This figure is recorded with an ionization laser wavelength λ = 483 nm and using the (480 − 480) ionization scheme. Every streak measurement consists of ∼ 10 3 electron pulses. For every wavelength λ of the ionization laser, the phase φ of the RF cavity was scanned over one entire period while the electron beam was imaged by the detector. This figure nicely shows that scanning the phase of the RF cavity will shift the position of the electron spot across the detector, as shown in Fig. 8 . The position of the example electron spot (see Fig. 7a ) is indicated by the grey dot. The bottom plot of Fig. 9 shows the rms size of the electron spot, which was obtained by fitting with a gaussian function. This shows that the cavity is most sensitive for arrival time spread when the electron pulse is on the center of the streak, as predicted by Eq. (10) which is clearly visible in Fig. 8 . Knowing the total length of the streak (used to determine 2ωc ω sin(ζ)) we can calibrate the time axis separately for each wavelength. The right plot of Fig. 7 shows the electron pulse in the time domain together with a gaussian fit resulting in a rms pulse length of 15 ps.
In the next section we first present the streak data of the direct photoionization scheme (480 − 480) and the just-above-threshold photoionization scheme (780 − 480). Subsequently we show that we can make a pulse train by shaping the ionization laser beam profile. Finally we present pulse length measurements of slowly ionizing Rydberg states using the just-belowthreshold photoionization scheme (780 − 480−Ry).
A. Direct photoionization (480 − 480) Figure 10 shows the rms pulse length of electron pulses created by direct ionization from the rubidium ground state (Fig. 3a) . The measurement has been done both for laser polarization parallel and perpendicular to the acceleration field. The rms pulse lengths . A diffraction limited ionization laser beam σ ion = 30 µm should result in 18/ √ 2 ≈ 13 ps, which is confirmed by the measurement presented in Fig 10. We note that the amount of electrons per pulse is smaller for polarization in contrast to ⊥ polarization. We also find that the measured rms pulse lengths are shorter for than for ⊥ polarization and that the pulse length increases with the ionization wavelength. These experimental findings are not yet fully understood and require further investigation, which is outside the scope of this paper.
The ∼ 1 ps variation in the data points in Fig. 10 can be explained by a ∼ 1 µm pointing instability of the ionization laser beam.
B. Just-above-threshold photoionization (780 − 480) Figure 11 shows the measured rms pulse length of an electron pulse created by just-abovethreshold ionization of excited rubidium atoms (Fig. 3b) .
The pulse length at the position of the cavity is predominantly determined by the energy spread of the electron bunch, see Eq. (8) . Convolving the temporal electron pulse distributions, see Fig. 5 , with a gaussian energy spread given by a gaussian ionization laser beam We see that the measured rms pulse length is in agreement with the pulse length determined by the energy spread. We also see that the rms pulse length increases as a function of wavelength but the increase is relatively small with respect to the magnitude of the pulse lengths, as expected from the simulations. The data shows a stronger growth than expected.
Similar to the direct ionization scheme (480 − 480) the measurement resolution is limited due to pointing instabilities of the ionization laser beam. Additionally, the gaussian fits are less reliable due to deviation from perfect gaussian behavior, as will be discussed below, see The electron pulse shapes for various ionization laser wavelengths are depicted in Fig. 12 , together with their gaussian fits which were used to determine the rms pulse lengths presented in Fig. 11. Figures b,c This shows that we can produce electron pulses containing ∼ 10 3 electrons with an rms width of ∼ 25 picosecond and a normalized rms transverse emittance of 1.5 ± 0.1 nm·rad.
C. Pulse shaping
We will now show how transversely shaping the ionization laser beam profile allows us to temporally shape an electron pulse. Figure 13a shows an example in which the ionization the data which has been used to determine the rms pulse duration.
laser profile was shaped such that the distance between the two peaks is 90 µm. This distribution will lead to a similarly shaped longitudinal energy distribution and thus in a similarly shaped arrival time distribution at the cavity. Using Eq. (8) we can estimate that the temporal electron pulse length at the position of the cavity is ∼ 65 ps. Figure 13b shows the streak as measured on the MCP detector. The peaks in this figure are ∼ 6.5 mm apart.
A full streak is equal to 14 mm, see top plot of Fig. 9 , which is equivalent to half a RF period ∼ 160 ps. This means that the measured pulse length ∼ 75 ps, roughly in agreement with the expected pulse length. We thus show that the intensity distribution of the ionization laser profile is indeed imprinted on the temporal charge distribution we measure.
This opens the possibility to produce well defined pulse trains by shaping the intensity profile of the ionization laser.
D. Just-below-threshold photoionization (780 − 480−Ry)
We have seen the first evidence of slowly decaying Rydberg atoms in Fig. 12c and d.
Here we will discuss how these slowly ionizing Rydberg atoms are formed when part of the ionization laser spectrum is below the ionization threshold.
The RF power to the cavity is switched on 10 µs before the ionization laser pulse reaches the MOT, to make sure that the electromagnetic fields inside the cavity are stable. In all the above mentioned measurements the RF power to the cavity was switched off 1 µs after the Due to the relatively low quality factor of the cavity the time it takes for the fields inside the cavity to build up and decay is ∼ 100 ns. Electrons traversing the cavity after the RF power was switched off will not be deflected and will therefore pass right through. Varying the time at which the RF power is switched off allows us to measure the fraction of electrons that pass the cavity at timescales ∼ µs after the ionization laser pulse. Figure 14 shows the streak of an electron pulse when the RF power was switched off 1 µs after the laser pulse had reached the MOT. The left peak (between −5 and 5 mm) shows the fast electron pulse that is streaked by the cavity; the right peak (between 5 and 10 mm) shows electrons that have passed the cavity after the RF power was switched off. The solid line indicates a gaussian fit through the undisturbed electron peak.
We have measured the streak as depicted in Fig. 14 as a function of the time after which the RF power was switched off. Figure 15 shows the intensity of the peak going straight through versus the time the RF power was on after the ionization laser pulse hit the MOT, for various ionization laser wavelengths. The lowest lying data points in Fig. 15 represent a In addition the time constant of the ionization process increases when the ionization laser wavelength is increased. This is attributed to the fact that lower-lying Rydberg states take longer to ionize.
V. CONCLUSIONS AND OUTLOOK
An RF cavity has been used to measure the pulse length of electron bunches produced by femtosecond laser photoionization of a laser-cooled and trapped ultracold atomic gas.
Pulse lengths have been measured in three photoionization regimes: direct photoionization using only the femtosecond laser, two-step just-above-threshold photoionization, and twostep just-below-threshold photoionization. Both direct and just-above-threshold ionization produce ultrashort electron pulses with rms pulse durations ranging from 10 to 30 ps. Direct ionization produces few (∼ 10
2 ) and hot (∼ 10 4 K) electrons while just-above-threshold ionization produces many (∼ 10 3 ) and ultracold (∼ 10 K) electrons with a normalized transverse emittanceǫ x = 1.5 ± 0.1 nm·rad. The measured pulse lengths can be explained by the energy spread associated with the length of the ionization volume. These bunches are sufficiently short to be compressed to sub-ps pulse lengths using established RF compression techniques. Just-below-threshold ionization produces a Rydberg gas which ionizes on ∼ µs timescales.
The method described here can be used to investigate the effect of space charge forces which is the main limitation of the achievable temporal resolution in single-shot UED. Measuring the pulse length in the longitudinal waist should allow the direct measurement of the influence of space charge forces on the longitudinal phase space distribution.
The temporal distribution of the predicted train of electron pulses leaving a rubidium atom could also be investigated by measuring the pulse length in the longitudinal waist.
